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. Brucellosis seroprevalence in free-ranging elk increased from 0-7% in 1991-1992 to 8 20% in [2006] [2007] in four of six herd units around the GYE. These levels of brucellosis are comparable to some herd units where elk are artificially aggregated on supplemental feeding grounds.
There are several possible mechanisms for this increase that we evaluated using statistical and population modeling approaches. Simulations of an age-structured population model suggest that the observed levels of seroprevalence are unlikely to be sustained by dispersal from supplemental feeding areas with relatively high seroprevalence or an older age structure. Increases in brucellosis seroprevalence and the total elk population size in areas with feeding grounds have not been statistically detectable. Meanwhile, the rate of seroprevalence increase outside the feeding grounds was related to the population size and density of each herd unit. Therefore, the data suggest that enhanced elk-to-elk transmission in free-ranging populations may be occurring due to larger winter elk aggregations. Elk populations inside and outside of the GYE that traditionally did not maintain brucellosis may now be at risk due to recent population increases.
In particular, some neighboring populations of Montana elk were 5-9 times larger in 2007 than in the 1970s, with some aggregations comparable to the Wyoming feeding-ground populations. Addressing the unintended consequences of these increasing populations is complicated by limited hunter access to private lands, which places (Lubbenhusin and Fitch 1926 , King 1940 , Thomsen 1943 , Bendixen and Blom 1947 , Robison 1994 . Another mode of transmission is through milk as infected females nurse their calves (Cheville et al. 1998 (Meyer and Meagher 1995) , and to prevent the spread of brucellosis to cattle approximately 40% of the Yellowstone bison population was lethally removed in 2008. Data on the recent cattle infections are scarce, but elk are considered the most likely source due to the lack of contact between the infected cattle herds and bison. Elk are supplementally fed at 23 sites in Wyoming (Fig. 1 ) resulting in dense aggregations at the time when elk are likely to transmit the infection via abortion events in late winter and early spring. Historically, the brucellosis seroprevalence in elk was 10-30% at these feeding grounds, but only 2-3% in other elk populations around the GYE. Brucellosis is not known to persist in elk populations outside the GYE (Cross et al. 2007; Scurlock and Edwards, in press ):
The elevated seroprevalence of brucellosis in elk of the southern GYE is almost certainly due to the presence of artificial feeding grounds that aggregate elk during the winter and spring and facilitate brucellosis transmission (Cross et al. 2007 , Maichak et al. 2009 ). Twenty-one of the artificial feeding grounds and one "staging area" are maintained by the Wyoming Game and Fish Depart ment (WGFD; see Plate 1). The National Elk Refuge is maintained by the U.S. Fish and Wildlife Service.
Supplemental feeding began at some locations as early as 1910 to limit elk impacts on agricultural land and maintain elk populations despite shrinking native winter range (Smith 2001) . Feedgrounds are intended to minimize contact between elk and cattle during winter, but they also increase the concentration of elk between November and April, and the transmission of Brucella abortus among elk is most likely between February and June (Roffe et al. 2004) . The low seroprevalence of brucellosis, historically, in the unfed elk populations of the GYE has fostered an apparent consensus that B. abortus is not self-sustaining in elk populations that do not concentrate on artificial feeding grounds or share winter range with bison (Cheville et al. 1998 losis because they tend to have their calves in seclusion (Cheville et al. 1998 ). This belief was also supported by the lack of brucellosis in elk populations outside the GYE, including those elk translocated from YNP.
In this study, we show that the seroprevalence of brucellosis has been increasing in several free-ranging elk populations of Wyoming. Using statistical and population modeling approaches we assess several plausible hypotheses behind these increases and discuss new research directions. We address four potential mechanisms for the increases in brucellosis: (1) enhanced elk-to-elk transmission due to population size and/or density;
(2) increases in either population size or seroprevalence in elk herd units with supplemental feeding grounds;
(3) dispersal of elk from feeding grounds to other regions; and (4) changes in age structure. We used seroprevalence and elk count data to address the first two hypotheses. Consistent data on age structure and dispersal were unavailable over the broad spatial and temporal scale necessary to address the latter two hypotheses. Therefore, we used an age structured population model to assess theoretically how dispersal and shifting age structures may alter seroprev alence. We conclude by looking at some trends in elk counts and aggregation patterns in neighboring regions of Montana and discuss some potential implications. we assumed that there was no brucellosis transmission from bison to elk and that elk did not transmit to one another off of the feeding grounds. This is probably not the case for the National Elk Refuge where bison and elk are in close contact throughout the winter, but we were primarily interested in modeling elk popula tions outside of the feeding grounds where bison to elk transmission is likely to be either zero or very low (Ferrari and Garrott 2002) . We also assumed that The relative number of elk on feeding grounds vs. off feeding grounds depends on the unfed elk population of interest. For generality, we simulated over a range of ratios from an equal number in the two populations to five times more elk on the feeding grounds than on native winter ranges. Loss of serostatus ( ), vertical transmission (p), and the ratio of immigration from the feeding grounds to emigration from the unfed popula tion (e) were unknown parameters. We simulated a range of different values for each, and model outcomes were relatively insensitive to these parameters. We conducted the modeling analyses in MATLAB version 7.6 (Mathworks 2007) Fig. 2 , as well as by Scurlock and Edwards, in press .) The top model suggested that herd units 214, 216, 217, and 635 were all increasing in seroprevalence since 1991 while 428 and 637 were not (Table 2) . These increases roughly corresponded to the 2006 elk population counts in these herd units, with the exception of HU 214 ( Figs. 3B and 4A ). The Gooseberry HU (214) had a relatively low population size but showed strong increases in seroprevalence. However, when we divided the elk counts by the size of the herd unit, all of the areas with increasing seroprevalence had elk densities higher than 0.4 elk/km2 (Fig. 4B) . We investigated the temporal changes in seropreva lence from HUs with supplemental feeding grounds using both the hunter samples (N = 523, 1991-2007) collected in the fall and the management captures on the feeding grounds in the spring (N = 2070, 1993-2008) . A logistic regression of the hunter samples did not indicate tal feeding grounds varied in their seroprevalence and the sampling intensity varied among feeding grounds over time (Cross et al. 2007 ). The logistic regressions of the capture data also did not suggest that seroprevalence was increasing on the feeding grounds (?year = 0.020 ? 0.014, = 0.169). Finally, elk counts from 1982 to 2007 did not suggest large increases in the number of elk using the feeding grounds. From 1982 to 1987 the number of elk counted on the feeding grounds increased from 17 770 to 20 145, but the number was relatively stable for the past 20 years ranging from 20000 to 26000 (Appendix B).
Population model
Sensitivity analyses of the age-structured population model illustrated that the most important model parameters were dispersal and the ratio of fed to unfed elk population sizes (Appendix C). Survival, reproduc tion, loss of serostatus ( ), and the rate that calves are born seropositive ( ) all explained <5% of the variation in brucellosis seroprevalence (Appendix A). As expected, increasing the dispersal rate from the feeding grounds increased the seroprevalence of unfed populations.
Seroprevalence also increased with the ratio of fed to unfed elk due to more dispersers moving into a smaller Dispersal rate population of unfed elk. Despite the importance of dispersal to model results, even dispersal rates of 3% per annum and five times more fed than unfed elk translated to a seroprevalence off of the feeding grounds of <10% ( Fig. 5 ). For the parameter ranges we explored, dispersal rates <0.01 per year seldom resulted in a seroprevalence in unfed elk higher than 3% (Appendix C). populations of Wyoming (Fig. 2) . These increases in seroprevalence roughly corresponded to the density of elk in those herd units (HUs). The data did not suggest that either the number or seroprevalence of elk from the feeding-ground areas of Wyoming were increasing.
Some regions with increases were relatively distant from the feeding grounds (e.g., HU 214, 216, 217) while HUs 637 and 428 showed no increase and are adjacent to the feeding-ground herd units ( Figs. 1 and 2) . Further, our analyses of an age-structured population model indicat ed that dispersal rates or changes in the age structure of the elk populations would have to be unrealistically high to account for large increases in brucellosis seropreva lence (Fig. 5 ).
There are at least two other possible explanations for the detected increases in brucellosis seroprevalence.
First, they could be due to cross reactions with another pathogen, such as Yersinia enterocolitica, that shares the major O-polysaccharide (OPS) with B. abortus (Caroff et al. 1984 , Gourdon et al. 1999 If elk population densities are driving the observed increases in brucellosis seroprevalence in Wyoming, then this finding has important implications for neighboring elk populations in Montana and Idaho. The abundance of many elk populations in the GYE has increased over the past 30-50 years (Fig. 3) , with the exception of those in the central and northern region of YNP (Appendix B; ELK BRUCELLOSIS IN WYOMING 285 see also Garrott et al. 2005 , Eberhardt et al. 2007 ). In particular, there were five to nine times more elk in the western Paradise (HU 314) and eastern Madison valleys (HU 360 and 362) of Montana during 2008 than there were in 1975 (Fig. 3A) . Median and mean winter group sizes for unfed Montana elk were relatively small (9 and 50, respectively; Fig. 6 ; Appendix D). However, there were a number of large groups comparable to the feeding grounds and the number of large groups increased over time in some areas ( Fig. 6; Appendix D) . Quantile regression analyses indicated that the upper ends of the elk group size distributions have been increasing over time in both the eastern Madison and western Paradise valleys (Appendix D). In 2008, at least 10 groups with more than 300 elk were observed in four populations on the Montana side of the GYE. This translated into a Lloyd's mean crowding (Lloyd 1967) of elk in the eastern Madison valley of Montana tha^t was similar to that of elk on Wyoming feeding grounds (Fig. 6C ). We believe these elk aggregations are a risk factor for future increases in brucellosis, as well as the introduction of other diseases. When elk populations were small, brucellosis may not have been able to invade and persist in most free-ranging elk populations, and the low seroprevalence of elk may have been due to seropositive, but non-infectious, elk. At that time, management intended to eradicate brucellosis from the GYE could have focused only on the supplemental elk feeding" grounds and the bison populations of Yellowstone and Grand Teton National Parks. Several Wyoming elk populations now appear to be maintaining brucellosis in areas far from supplemental feeding grounds and bison. A similar dynamic may occur in Montana ( Fig. 6 ; Appendix D). Persistence of brucellosis in free-ranging elk means that the current focus on feeding grounds and bison is probably insufficient for eradication or even controlling the risk of transmission to cattle. Free ranging elk populations and, in particular, the large winter and spring aggregations of elk should be considered in future management strategies.
The hypotheses we address in this paper are not mutually exclusive and some combination of factors may be operating. Our modeling analyses suggest that altered age structure or dispersal has minor effects on seroprevalence. However, several mechanisms could plausibly explain the low seroprevalence (e.g., <5%) of some areas like the Yellowstone National Park (Barber Meyer et al. 2007 ). If dispersal rates from the feeding grounds are on the order of one in every 100-200 individuals per year, then these rare dispersal events may be sufficient to maintain the seroprevalence of brucel losis at 2% without any subsequent transmission. We note, however, that in this region a similar argument could be made for the transmission of brucellosis from bison to elk. Our model predicts that in a population of 6000 elk only 35-40 seropositive elk would need to enter the population per year for a seroprevalence of 2%. Those seropositive elk could be immigrants or they probably only infectious for the one to two years after infection (Thorne et al. 1978a, b) . Thus, if elk disperse after that time, they may be seropositive but not infectious. Therefore, if dispersal alone is responsible for sustaining a low seroprevalence of brucellosis on a Plate. 1. Wyoming Game and Fish (WGFD) employees place a Global Positioning System (GPS) collar on an elk at the South Park feeding ground outside of Jackson, Wyoming (USA). Photo credit: Mark Gocke (WGFD).
given site, the elk may still present little to no risk for cattle.
If elk-to-elk transmission is occurring, then seroprevalence may continue to increase on some sites as B. abortus tracks the changing patterns of elk aggregations, posing a substantial risk to nearby cattle operations.
We suggest several lines of research to refine (or refute) our conclusions. First, genetic analyses of brucellosis strains from bison, elk, and cattle may help to assess the amount of transmission within and among host species in the different regions. Second, under standing what factors contribute to the creation of very large elk groups will be critical to developing effective management strategies. For example, Haggerty and Travis (2006) found that changes in land ownership from livestock production to owners interested in natural amenities may lead to elk populations that are "out of administrative control" due to a lack of hunter access. In addition, large predators (grizzly bears, mountain lions, and wolves) are a potentially effective 
